Abstract-In this letter, we demonstrate an optically pumped semiconductor disk laser frequency doubled with a periodically poled lithium tantalate crystal. Crystals with various lengths were tested for intracavity frequency conversion. The semiconductor disk laser exploited GaInNAs-based active region with GaAs-AlAs distributed Bragg mirror to produce emission at 1.2-m wavelength. The frequency doubled power up to 760 mW at the wavelength of 610 nm was achieved with a 2-mm-long crystal.
an SDL, the nonlinear crystal should preserve low cavity loss and sustain high optical intensity. Beta barium borate (BBO) and lithium triborate (LBO) crystals that are commonly used in high-power SHG systems have high optical damage threshold but reduced nonlinear efficiency [6] , [7] . Periodically poled lithium tantalate (LT), on the other hand, has high nonlinear efficiency and is highly transparent from ultraviolet (UV) to midIR but photorefractivity prevents its use in intracavity applications. The development of the double-crucible Czochralski (DCZ) method [8] for the growth of nearly stoichiometric LT with MgO doping (MgSLT) allows us to solve this problem, and recently, SHG at 610 nm has been demonstrated from an OP-SDL with periodically poled MgSLT (PPMgSLT) crystal [9] .
In this work, we investigated SHG by PPMgSLT crystal placed in the cavity of a 1.2-m semiconductor disk laser with the aim to increase its output power at red wavelength. The system was operated with PPMgSLT units of different lengths. A maximum power of 760 mW was obtained.
II. NONLINEAR CRYSTAL AND GAIN MIRROR DESIGN
In this work, we used LT crystals grown by the DCZ technique with 0.5% MgO doping. This material has a low coercive field, high damage threshold, and negligible photorefractivity. For example, it can withstand nanosecond green light pulses at irradiation of 500 MW/cm .
The periodically inverted structure was prepared according to the process reported previously [9] . Basically, a 1-mm-thick z-cut wafer was coated by photoresist and a structure of parallel stripes was defined by photolithography. Then the wafer was coated by a metallic layer for contacts. Electrical pulses higher than the coercive field (400-600 V/mm) were applied to invert the crystal polarity at the selected area creating a period of 11.73 m required for red light generation. The crystal was etched to reveal the structure. The duty factor values that we observed, which is the ratio between the inverted domain length to the period length, varied between 40%-60%, close enough to the ideal 50% factor. The crystal was cut in four pieces with 2-, 4-, 11-, and 25-mm lengths. The facets were then polished and antireflection (AR)-coated with the electron beam evaporator system. The dielectric AR coating was designed for fundamental and second-harmonic wavelength and it consists of seven layers of SiO and TiO .
The gain mirror was grown by molecular beam epitaxy (MBE) on a GaAs substrate. It consists of 30 pairs of GaAs-AlAs layers forming the distributed Bragg reflector (DBR). The active region has ten GaInNAs quantum wells (QWs) placed in five groups with GaAsN surrounding every QW. GaAs spacers were used between groups to position the QWs to the antinodes of the standing wave created inside the gain mirror. A large bandgap AlGaAs window layer on top of the active region prevents carrier recombination at the surface of the sample. Oxidation of the aluminium was avoided by a thin GaAs layer that finalizes the gain mirror. A more detailed description of the gain mirror structure can be found in [10] .
A mm chip was cut from the as-grown structure and bonded to a transparent natural type IIa diamond heat spreader with deionized water [11] . The assembly was pressed between two copper blocks, one having a circular aperture. Indium foil was used between the sample assembly and copper to ensure reliable heat dissipation. The outer surface of the diamond heat spreader was AR-coated for signal wavelength with SiO and TiO layers.
III. EXPERIMENTAL RESULTS
The gain mirror was optically pumped with 788-nm highpower fiber coupled diode laser. The temperature of the gain mirror was set to 15 C with circulating water. A Z-type cavity was chosen for the measurement, where the gain mirror forms one end mirror. The other mirrors were curved and had high reflectivity for signal wavelength. The cavity was designed to match the 290-m pump spot diameter at the gain mirror. A mode waist is formed between mirrors M and M , which have high transmission for 610 nm. The mode diameter at the waist was calculated to be 166 m with Rayleigh length of 18 mm. The nonlinear crystal was heated to 184 C and placed to the cavity waist as presented in Fig. 1 . A 25-m-thick glass etalon was placed inside the laser cavity to narrow and tune the wavelength of the laser for maximum efficiency of the frequency converted emission.
Lasing was observed when 2-, 4-, or 11-mm-long crystal was placed into the laser cavity. The corresponding power characteristics are presented in Fig. 2 . The losses of the 25-mm-long crystal were too high, thus preventing lasing. The optimum length for the crystal in this configuration was found to be 2 mm, which produced 760 mW of output power at 610 nm.
The spectrum of the frequency converted emission with 2-mm-long crystal is presented in Fig. 3 . The laser was optimized for high-power operation. Close to threshold, the laser operated at two distinct infrared wavelengths separated by 17 nm which corresponds to the free spectral range of the glass etalon. These two peaks resulted in three peaks at visible spectrum which corresponded to second-harmonic wavelengths and sum-requency wavelength, as can be seen from Fig. 3 . This competition between sum-frequency and SHG made the laser output power unstable at lower power levels.
IV. CONCLUSION
We have demonstrated an OP-SDL intracavity frequency doubled with periodically poled MgO-doped LT crystal. We achieved 760 mW of output power at red wavelength with a 2-mm-long crystal. Future work includes crystal coating optimization to further increase the doubling efficiency. Since the main limiting factor with PPMgSLT as compared with BBO crystal is the narrower bandwidth of the accepted spectrum, crystal length optimization together with exploiting the spectral filtering are essential issues when using this crystal.
